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EXECUTIVE SUMMARY
The objective of this research is to provide a model capable of predicting cryogenic pool
characteristics in the event of a spill or leak scenario. With the development of hydrogen
technology in the automotive and heavy weight transportation industries, the use of liquid
hydrogen offers a more energy dense option when compared to compressed gas. However, liquid
hydrogen poses a safety risk associated with its wide flammability range (4.0-75.0% by volume
in air), odorless and colorless flames, and ability to permeate many materials. In this regard, the
design of liquid hydrogen storage is complex. This MATLAB model can be used to understand
the characteristics of a potential liquid hydrogen leak or spill.
This model uses various heat transfer relationships to predict the change in pool mass,
temperature, radius, height, evaporation rate, and can predict a safe distance for which operators
near by can reference. The model takes into consideration the spill rate (S), initial liquid spill
temperature (Tspill), time duration of the spill (tspill), total evaluation time (tmax), windspeed (if
applied), initial surface temperature (T0), and material properties of the surface such as thermal
conductivity (ks) and thermal diffusivity (α). Potential weak points in a design can be evaluated
by taking the worst-case scenario and applying this model. This is especially useful for HAZOPs
and additional design reviews of liquid hydrogen storage systems, piping, and applications with
hydrogen fuel cells.
The model was verified by performing liquid nitrogen spill tests into a concrete spill
surface. Intrinsic cryogenic material properties specified in the model were changed from
hydrogen to nitrogen. Liquid nitrogen offers a safer alternative to liquid hydrogen when
performing spill experiments. A total of six experiments were performed with up to three
consecutive spills. The spill was conducted to a specified depth in the concrete spill surface, after

which the spill was ceased. The mass, temperature of the concrete spill surface, and temperature
of the vapor cloud formed above the pool were recorded over time. The MATLAB model was
then run at the conditions of the liquid nitrogen spill to verify its accuracy. The model showed
promising results, with mass fluctuations ranging between 1.53 – 4.73% when comparing the
model to experimental data. The liquid nitrogen experiments performed differ slightly from the
liquid hydrogen model due to the confined radius of the concrete spill surface. Further
improvements may include testing on an open surface, testing outdoors, and testing with other
cryogenics.

ABSTRACT
The potential of using liquid hydrogen for propulsion is often undermined due to its
perilous nature. Hydrogen has a wide flammability range when mixed with air (4.0 - 75.0%
hydrogen) and a low ignition energy (0.019 mJ). Liquid hydrogen adds to this high risk as a
cryogenic fluid that is to be maintained below -22 K. A liquid hydrogen model has been created
in MATLAB that can model various spill scenarios from cryogenic liquid hydrogen vessels. This
model takes into consideration the spill rate, spill temperature, air temperature, duration of spill,
and air flow conditions to calculate the mass accumulation, pool temperature, pool radius, pool
height, and evaporation rate over time. The model can also predict a safe radius for users to abide
by if a spill is occurring. This model is verified through an in-depth analysis of each variable and
comparison to known trends of cryogenic liquid spills and leaks. The liquid hydrogen safety
model can be used with standard operating procedures for hydrogen liquefaction systems to
ensure safe practices. This model provides safety advantages to better prepare those operating
hydrogen liquefaction systems and vessels that are used in line with hydrogen fuel cells and
other hydrogen technologies.

INTRODUCTION AND BACKGROUND

The demand for renewable energy has risen over the years as fossil fuels become more
limited and climate change continues to threaten global communities. Hydrogen, which can be
sourced from renewable energies and electrolysis, offers a viable alternative. Options such as
wind and solar can be utilized in the electrolysis process, which uses electricity to separate
hydrogen and oxygen molecules. Hydrogen can then be collected and supplied to hydrogen fuel
cell cars, buses, trains, and aircrafts. The advancement of these forms of transportation has
increased greatly in the past few decades. Therefore, it is necessary to understand associated risk
of using hydrogen. Hydrogen is the lightest chemical element with a small energy density of 0.53
kWh dm-3 and when liquified its energy density grows to 2.37 kWh dm-3. It has a wide
flammability range from 4.0 - 75.0 % hydrogen by volume and low ignition energy (0.019 mJ).
The gas is also colorless, odorless, and an asphyxiant.4,12 Because of these characteristics, the
need for hydrogen’s safety protocols is far greater than other fuels such as petrol or diesel.
While mitigating these risks, the automotive industry is the first high volume user of
hydrogen technology.4 Fuel cell cars and buses are being integrated into the market with the
biggest setback being limited infrastructure for refueling. In predicting the growth of hydrogen
energy, it is vital to consider efficient storage methods to limit the need for refueling. Liquid
hydrogen offers a solution to provide energy dense fuel in a compact tank.4 The development of
these tanks is common practice in the field of cryogenics; however, hydrogen permeates and
embrittles many materials which creates an additional design challenge. Experimental,
lightweight liquid hydrogen tanks used in transportation require extensive safety analysis before
commissioning. Researchers saw the need for this analysis and many models since have been

created to predict worst case scenarios and evaluate any associated risks of storing liquid
hydrogen.
Transportation of equipment and faulty equipment can lead to leaks and spills that are
scenarios researchers have modelled. Cryogenic liquid spills have been represented through CFD
models and programs such as Phast (Process Hazard Analysis Software).5,6 These models predict
and monitor overall pool properties such as pool spreading, evaporation, and boiling on various
surfaces. Reid and Wang (1978) modeled instantaneous releases of liquid natural gas on concrete
surfaces, whereas Hoult (1972) modelled oil spills in the oceans.5 These various liquid spill
models provide the theoretical foundation for predicting the spread and impact of spills.
Additional spill models and experimental data are outlined in Fernandez, M.I. et al. displaying
the range of scenarios researchers have modelled.5 The design of liquid hydrogen tanks is
complex and requires modeling to verify the robustness and safety of the tank before
commissioning it for use. An additional model specific to liquid hydrogen and the unique
properties of these tanks is necessary to evaluate their safety.10
In this work, MATLAB model was developed as a continuation of those previously
mentioned. This model takes into consideration the spill rate, spill temperature, ambient air
temperature, duration of spill, and air flow conditions to calculate the mass accumulation, pool
temperature, pool radius, pool height, and evaporation rate as they change over time. In addition
to these terms, the model can provide a safe distance recommendation for personnel nearby.8
Intrinsic material properties were changed so that the model will work for both liquid hydrogen
and liquid nitrogen.

THEORY AND NUMERICAL SOLUTION
The following equations were compiled to best represent the heat transfer mechanisms
occurring for a prolonged or instantaneous liquid hydrogen spill. The variables of interest include
the pool temperature, radius, height, and evaporation rate and their subsequent rates of change
over the course of a spill. The pool spreading equations were derived from PVAP-MC and Phast
models.5,6,10 The change in pool radius for prolonged spills on land is represented as follows:2
𝑑𝑟
𝑑𝑡

= (2𝑔(ℎ − ℎ𝑚𝑖𝑛 ))

ℎ=

0.5

𝑀
𝜌𝑝𝑜𝑜𝑙 𝜋𝑟 2

Where r is the pool radius (m), t is time (s), g is the gravitational constant (m/s2), h is the
pool depth (m), and hmin is the minimum pool depth (m) set equal to the roughness length of the
surface, and 𝜌pool is the density of the pool in kg/m3.
The mass balance for liquid hydrogen, M (kg) in the pool is:

𝑑𝑀
= 𝑆(𝑡) − 𝐸𝑣𝑎𝑝 (𝑡) − 𝐸𝑠𝑜𝑙 (𝑡)
𝑑𝑡

Where S(t) is the spill rate in (kg/s), Evap(t) is the vaporization rate (kg/s), and Esol(t) is
the dissolution rate (kg/s). For this work, the pool is not dissolving and Esol is neglected.
The energy balance is expressed as:
𝑑𝑇𝑝𝑜𝑜𝑙
= 𝑄𝑖𝑛 + 𝑆(𝑡)𝐶𝑝,𝑠𝑝𝑖𝑙𝑙 (𝑇𝑠𝑝𝑖𝑙𝑙 − 𝑇𝑝𝑜𝑜𝑙 ) − 𝐸𝑣𝑎𝑝 (𝑡)𝐻𝑣𝑎𝑝 − 𝐸𝑠𝑜𝑙 (𝑡)𝐻𝑠𝑜𝑙 𝐶𝑝,𝑝𝑜𝑜𝑙 𝑀𝑝𝑜𝑜𝑙
𝑑𝑡
𝐶𝑝,𝑝𝑜𝑜𝑙 = 458.11𝑇𝑝𝑜𝑜𝑙 + 446.6
𝐶𝑝,𝑠𝑝𝑖𝑙𝑙 = 458.11𝑇𝑝𝑜𝑜𝑙 + 446.6

Where Qin is the sum of the heat contributions from conduction, convection, and radiation
(W); Cp,spill and Cp,pool are the heat capacity of the spill and the pool (J/kg/K) at the spill and pool
temperatures and compositions; Tspill and Tpool are the spill and pool temperatures (K); Hvap and
Hsol are the heats of vaporization and dissolution (J/kg).
The convection, radiation, and conduction terms are represented as follows:
𝑄𝑖𝑛 = 𝑄𝑐𝑜𝑛𝑣 + 𝑄𝑐𝑜𝑛𝑑 + 𝑄𝑟𝑎𝑑
Where:
𝑄𝑐𝑜𝑛𝑣 = (𝑘𝑎𝑖𝑟 𝑁𝑢(𝑇𝑎,𝑝𝑜𝑜𝑙 − 𝑇𝑝𝑜𝑜𝑙 ))(𝜋𝑟/2)
𝑄𝑐𝑜𝑛𝑑 =

𝑘𝑠 (𝑇0 − 𝑇𝑝𝑜𝑜𝑙 )

(𝜋𝑟 2 )

√(𝜋𝛼𝑡𝑠𝑝𝑖𝑙𝑙 )
𝑄𝑟𝑎𝑑 ≅ 0
Where kair is the conductivity of air (W/m/K), ks is the conductivity of the spill surface
(W/m/K), Nu is the Nusselt number, Ta,pool and Tpool are the temperature of atmosphere directly
above the pool and the temperature of the pool, T0 is the initial temperature of the spill surface, r
is the pool radius (m), and α is the thermal diffusivity of the spill surface. Qrad is approximated to
be zero because this model represents indoor spills where safety risk is much higher than
outdoors.
Nusselt number is calculated as follows:
𝑁𝑢 = 0.664𝑃𝑟 1/3 𝑅𝑒 1/2 for Re < 320,000
1

𝑁𝑢 = 0.037𝑃𝑟 3 (𝑅𝑒 0.8 − 15200) for Re > 320,000
𝑅𝑒 = 2𝜌𝑎𝑖𝑟 𝑣𝑟/µ𝑎𝑖𝑟
𝑃𝑟 = 𝐶𝑝,𝑎𝑖𝑟 µ𝑎𝑖𝑟 /𝑘𝑎𝑖𝑟

Where Cp,air is the heat capacity of the air at room temperature (J/kg/K), ρair is the density
of air in kg/m3, µair is the viscosity of air in Pa-sec, v is the wind speed in m/sec, and kair is the
conductivity of air in W/m/K.
The rate of heat added to the pool to maintain the pool at its boiling point (Qbubble) is
expressed by:
𝑄𝑏𝑢𝑏𝑏𝑙𝑒 = 𝑀𝑝𝑜𝑜𝑙 𝐶𝑝,𝑝𝑜𝑜𝑙 (

𝑑𝑇𝑏𝑢𝑏𝑏𝑙𝑒
)
𝑑𝑡

Tbubble is assumed to remain constant which results in no additional heat being added to
the pool to maintain boiling point.
The evaporation rate is determined differently while the spill is occurring and after the
spill stops. While the spill is occurring:
𝐸𝑣𝑎𝑝 = (𝑄𝑖𝑛 − 𝑆𝐶𝑝,𝑠𝑝𝑖𝑙𝑙 (𝑇𝑠𝑝𝑖𝑙𝑙 − 𝑇𝑏𝑢𝑏𝑏𝑙𝑒 ))/∆𝐻𝑣𝑎𝑝
To determine the evaporation rate after the spill is completed, the following equations are
used:
0.78 −0.11
𝐸𝑣𝑎𝑝 = 0.0292𝜋𝑟 2 𝑆𝑐 −0.67 𝑈10
𝐿
𝑀𝑊 𝑃𝑣

𝑆𝑐 = µ𝑝𝑜𝑜𝑙 /𝜌𝑝𝑜𝑜𝑙 𝐷𝐴𝐶
µ𝑝𝑜𝑜𝑙 = −2 ∗ 10−6 𝑇𝑝𝑜𝑜𝑙 + 5 ∗ 10−5
𝜌𝑝𝑜𝑜𝑙 = −0.9984𝑇𝑝𝑜𝑜𝑙 + 91.3
99.395
)
3.54314−(
𝑇𝑝𝑜𝑜𝑙 +7.726

𝑃𝑣 = 100,000 ∗ 10

The diffusion coefficient (DAC) was calculated using the Chapman Enskog equation for binary
mixtures:

𝐷𝐴𝐶

𝛺𝐷𝐴𝐶 =
𝑇∗ =

𝑘𝑇𝑝𝑜𝑜𝑙
𝜀

1
1
0.0018583√𝑇𝑚3 (𝑀 + 𝑀 )
𝑎
𝑏
=
2
1000𝑃𝑎 𝛼𝐴𝐵
𝛺𝐷𝐴𝐶

1.06036 0.19300
1.03587
1.76474
+
+
+
∗
∗
∗
𝑇 ∗0.15610 𝑒 0.47655𝑇
𝑒 1.52996𝑇
𝑒 3.89411𝑇
𝜀

where 𝑘 (𝐿𝑒𝑛𝑛𝑎𝑟𝑑 − 𝐽𝑜𝑛𝑒𝑠 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟) = 38 for hydrogen

Tpool is the temperature of the pool (K), MA and MB are the molecular weights of species
1 and 2, respectively (kg/mol), Pa is pressure of species A (Pa), αAB is the collision diameter
(angstroms), DAC is the collision integral of diffusion (dimensionless), µpool is the viscosity of the
pool (Pa-sec), ρpool is the density of the pool (kg/m3), L is the diameter of the pool (m), U10 is the
windspeed of the air above the pool (m/sec), and DAC is the diffusion coefficient (m2/sec).15
Utilizing these equations and MATLAB, a program was created to calculate the change
in pool temperature, mass, radius, height, and evaporation rates over the course of a given spill.
The user is required to enter the following values depending on each spill scenario: spill rate (S),
initial liquid spill temperature (Tspill), time duration of the spill (tspill), total evaluation time (tmax),
windspeed (if applied), initial surface temperature (T0), and material properties of the surface
such as thermal conductivity (ks) and thermal diffusivity (α). In addition to these variables, the
code also uses specific constants.

Table X: The following figure displays the constants used in the MATLAB code.

Table X: The following figure displays sample inputs the user would specify prior to running the
MATLAB code.

Figure X: Logic diagram of the MATLAB code used to model cryogenic liquid spills. The differential
equations shown are the key calculations in which heat transfer terms can be calculated for varying spill
conditions.

METHODS FOR VALIDATION
To verify the results observed in the MATLAB program, it was necessary to gather
physical results for a cryogenic spill. Performing a liquid hydrogen spill would be unsafe
indoors. However, other cryogenics can be tested in a controlled environment and these results
can be translated to prove the accuracy of the liquid hydrogen spill model. The MATLAB model
was adapted for liquid nitrogen in addition to liquid hydrogen. This adaptation was done by
changing the inherent chemical properties used within the code and was verified by consulting
published spill values for liquid nitrogen. The liquid nitrogen spill experiment was adapted from
various published experimental designs.1,11,12
The experimental apparatus includes a 230L liquid nitrogen cylinder, cryogenic hose,
cryogenic spill mat, 1x1 foot concrete box, cryogenic temperature sensors, mass scale, fan and
data acquisition programs. The concrete box was created from a 3D printed mold with inserts
placed throughout the floor of the box for the cryogenic temperature sensors. A total of four
cryogenic temperature sensors were placed along a diagonal from either corner of the concrete
box and held in placed by clay. The fifth hydrogen sensor was held in place above the cryogenic
pool to record the temperature of the vapor cloud above the pool throughout the course of the
spill. The box and sensor configuration are placed on top the mass scale and cryogenic spill matt.
The liquid nitrogen was spilled into the concrete box using a cryogenic transfer hose that was
secured 2 inches above the center of the box. A fan was used to regulate airflow across the box
during spill testing. While performing tests, two data acquisition programs were used, once for
the temperature data and another for mass data over time.

Figure X: The upper figure displays the design of the apparatus for liquid nitrogen spill testing.
A 230L liquid nitrogen dewar, cryogenic transfer hose, concrete box/spill surface, 5 cryogenic
temperature sensors, cryogenic spill mat, and mass scale were used to configure the test
apparatus. Not depicted: fan used to regulate air flow across the cryogenic spill surface. The
lower figure displays the locations of the temperature sensors in the concrete box.

Figure X: Displays the actual apparatus for liquid nitrogen spill testing. A 230L liquid nitrogen
dewar, transfer hose, concrete box, 5 cryogenic temperature sensors, cryogenic spill mat, and
mass scale were used to configure the test apparatus. Not depicted: fan used to regulate air flow
across the cryogenic spill surface. A shipping bay was the test location, and while tests occurred
all doors were opened, and a handheld oxygen sensor was used to ensure there was proper
airflow.

The first step in testing was to calibrate the mass scale and begin the data acquisition
programs to record mass and temperature of the concrete over time. A fan was used to regulate
the airflow across the spill surface, and this windspeed was found to be 2.2 m/s using a handheld
anemometer. The liquid nitrogen dewar was then turned on and spill time was recorded

manually. The spill was performed up to a depth of 2 inches and this depth was verified visually
by observing the marked increments on the concrete spill surface during testing. Once the
desired depth was reached, the valve controlling liquid nitrogen flow was turned off and the test
was observed until all liquid nitrogen had evaporated. Up to three trials were performed
sequentially. Concrete temperature fluctuated between each test and was accounted for by
recording temperature over time. A total of six successful tests were performed.

RESULTS AND DISCUSSION
The first step in verifying the accuracy and precision of the MATLAB model was to test and
analyze the results for liquid nitrogen. A typical output of the MATLAB code for liquid nitrogen
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6
4
2
0
0

100

200

300

400

500

600

700

800

900

1000

500

600

700

800

900

1000

500

600

700

800

900

1000

500

600

700

800

900

1000

500

600

700

800

900

1000

900

1000

Pool Height
(m)

Tpool (K)

Evap (kg/s)

Total Mass
(kg)

Vapor Mass
(kg)

Time (s)
6
4
2
0
0

100

200

300

400

0

100

200

300

400

0

100

200

300

400

0

100

200

300

400

Time (s)

5

0

Time (s)

76
75
74
73
72

Time (s)

76
75
74
73
72

Time (s)

1.00E-01
5.00E-02
0.00E+00
0

100

200

300

400

500

Time (s)

600

700

800

Figure X: Displays the MATLAB output from running the liquid nitrogen spill model with the
following conditions: S=0.0754 kg/s, Tspill = 75 K, tspill = 61 K, tmax = 1000 s, windspeed = 2.2
m/s. The top graph displays the liquid mass over time followed by the vapor mass, total mass
(liquid and vapor mass), evaporation rate (Evap), temperature of the pool over time (Tpool), and
pool height over time.
The outputs shown in Figure X summarize the key characteristics of a cryogenic spill. Some of
the more important values to note would be the maximum liquid mass spilled and vapor mass
when determining the severity of an accidental release. This model output is slightly different
than that of hydrogen because it is a spill in a confined space. The radius is set which is not
something typical of a cryogenic spill from a tank or piping unless diking or drainage is
incorporated in the design.
The experimental verification of the MATLAB model was done using a total of six rounds of
testing in which up to three consecutive liquid spills were performed. Each spill represented a
unique spill scenario in which spill rate fluctuated within the range of 0.05 to 0.08 kg/s. While
performing the sequential tests, concrete temperature fluctuated as well.

Figure X: Temperature of concrete spill surface for the first spill of three consecutive tests.
Temperatures recorded from five cryogenic probes. Sensors 1-4 were placed along the diagonal
of concrete and their values were averaged. Sensor 4 hangs 2.5 inches above the spill surface and
records the vapor cloud temperature. A polynomial fit is created for the average temperature
recorded which is used in the MATLAB code to specify concrete temperature change over the
duration of a spill.
From the results seen in Figure X, it is apparent the temperature fluctuation of the
concrete spill surface is not uniform. The vapor cloud formed above the cryogenic pool also
drops dramatically to a minimum value near that of the minimum concrete temperature during
the duration of the spill. After the spill has ceased, the vapor temperature returns to ambient.
Both the insulation resulting from the vapor cloud formed above the pool and the change in
concrete temperature over time were accounted for within the MATLAB code by using an
approximated fit for the concrete temperature.
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Figure X: The top right graph displays the first trial spill (S=0.0741 kg/s, ts=78 s, STDEV=0.146
kg) results for total mass of liquid hydrogen (kg) changing over time (s). The bottom right graph
subsequently displays the second trial (S=0.0835 kg/s, ts=60 s, STDEV=0.078 kg), and the
bottom left graph displays the third trial (S=0.0753 kg/s, ts=60 s, STDEV=0.154 kg). Each graph
also shows the MATLAB prediction with standard deviation. Each trial was performed with
wind applied at 2.2 m/s and the spill was performed until a depth of 0.051 m was met.
Results for a series of liquid nitrogen spills can be seen in Figure X above. Three total
trials were performed consecutively with mass, concrete temperature, vapor cloud temperature,
and time duration of the spill recorded which resulted in the first trial taking longer to fill and

faster to evaporate compared to the second and third trials which had much lower initial concrete
surface temperatures. Therefore, the length of time to reach the set depth of 0.051 m was longer
for the first trial (78s). The time to evaporate increased sequentially as conductive heat transfer
lessened significantly with the decrease in concrete surface temperature. Error bars are shown in
Figure X on the MATLAB model results. This standard deviation is calculated by determining
the mass difference at each time stamp between the experimental and MATLAB data points. The
standard deviation of these mass differences at each time stamp can then be determined. Using
these values, the model is within a range of 1.53% - 4.73% accuracy in comparison to the
experimental data.
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Figure X: Display of concrete temperature (°C) recorded over time for three consecutive spills.
The first spill’s (S=0.0741 kg/s, ts=78 s) concrete surface temperature change can be seen in the
upper right-hand graph. The second spill’s (S=0.0835 kg/s, ts=60 s) concrete surface temperature
change can be seen in the lower right-hand graph and the third (S=0.0753 kg/s, ts=60 s) can be
seen in the lower left-hand graph. A linear fit for the experimental data in each trial was given
along with the R2 values.
Figure X showcases the effect of conductive heat transfer on the cryogenic pool’s
evaporation rate. A general fit can be provided for cryogenic spills on surfaces at ambient
temperatures, but this assumption becomes inaccurate for repeated trials on the same surface. To
prove the MATLAB model’s accuracy, a linear fit was given for the experimental data of each
trial, and this was used in the code to represent the changing surface temperature. This portion of
the code can be adapted for a general fit dependent on the spill surface material properties if
desired. However, this would be for an initial spill onto a surface at ambient temperature. The fit
is necessary to represent surface temperature for repeated spills on the same surface.
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Figure X: Displays the MATLAB output from running the liquid hydrogen spill model with the
following conditions: S=0.067 kg/s, Tspill = 19 K, tspill = 78 K, tmax = 100 s, windspeed = 2.2 m/s.
The top graph displays the liquid mass over time followed by the temperature of the pool (Tpool),
evaporation rate (Evap), total mass (liquid and vapor), pool height, vapor mass, pool radius, and
safe distance.
After performing the liquid nitrogen spills and verifying the results of the MATLAB
code, Figure X displays the results of a theoretical liquid hydrogen spill on a concrete surface
indoors. This spill is occurring on a flat surface and is not bound by a specific radius like that of
the liquid nitrogen spill trials. The liquid mass peaks at roughly 3.6 seconds after which the pool
slowly begins boiling off during the spill. Once the spill ceases at 78 seconds, the pool rapidly
boils off. The evaporation rate shows a drop at 78 seconds in response to the decrease in liquid
mass of the pool. The pool height initially has a high value at the start of the spill but
immediately drops to a value of roughly 0.0015 m and steadily decreases to zero once the pool
has entirely evaporated. The pool radius increased steadily during the spill and decreases after
the spill ceases and the liquid mass approached zero. Key characteristics from this spill is a
maximum liquid mass of roughly 4.04 kg and a maximum pool radius of roughly 1 meter. The
safe distance is shown to approximately 20 meters at the peak liquid mass and slowly decreases
until the spill ceases and then rapidly drops. The safe distance is calculated from a published
correlation that takes the windspeed and spill rate into consideration.

CONCLUSION
The MATLAB model created to predict cryogenic pool heat transfer performs accurately
when tested in comparison to liquid nitrogen experimental spills. The liquid nitrogen
experiments performed differ slightly from the base liquid hydrogen model due to the confined
radius of the concrete spill surface. The model can predict the change in pool mass (liquid and
vapor components), height, radius, temperature, and pool evaporation rate. The model also gives
a safe distance recommendation based on the instantaneous state of the pool. In application, this
model can be used to model worst case scenarios in which the event of a liquid hydrogen spill or
leak is likely. This is especially useful for HAZOPs and additional design reviews of liquid
hydrogen storage systems, piping, and application with hydrogen fuel cells.

RECOMMENDATIONS
While the current MATLAB model works for liquid hydrogen and liquid nitrogen, it can
be further adapted for other cryogenic materials. This can be done by changing the intrinsic
material properties used in the MATLAB code. The model also can be advanced by eliminating
the equations used to represent the change in concrete temperature. While these fits significantly
improved the accuracy of the model in predicting pool characteristics for spills occurring on
colder initial surface temperatures (second and third trials performed), it is less user-friendly. It is
also recommended to perform liquid nitrogen trials on an open surface. This experimental
research performed liquid nitrogen spills in an enclosed concrete box for both safety and
practicality reasons. If possible, a spill on an open, flat surface would more accurately translate
to the liquid hydrogen spill model version in which an open surface spill is evaluated. Another
advancement would be testing the spill outdoors in which radiation, variable windspeed, and
other factors will be incorporated. This addition would allow for predictions of outdoor spills.
Lastly, performing liquid hydrogen spills is ideal in verifying the accuracy of the MATLAB
model. Significant safety considerations must be taken to ensure that all liquid hydrogen spill
experiments are performed safely.
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APPENDIX A

Figure X: These trials were performed on October 10th, 2021. The top graph displays the first
trial spill (S=0.0619 kg/s, ts=93 s, STDEV=0.165 kg) results for total mass of liquid hydrogen
(kg) changing over time (s). The middle graph subsequently displays the second trial (S=0.0608
kg/s, ts=80 s, STDEV=0.147 kg), and the bottom graph displays the third trial (S=0.0687 kg/s,

ts=72 s, STDEV=0.182 kg). Each graph also shows the MATLAB prediction with standard
deviation. Each trial was performed with wind applied at 2.2 m/s and the spill was performed
until a depth of 0.051 meter was met.

Figure X: These trials were performed on November 10th, 2021. The top graph displays the first
trial spill (S=0.0707 kg/s, ts=79 s, STDEV=0.168 kg) results for total mass of liquid hydrogen
(kg) changing over time (s). The bottom graph displays the second trial (S=0.0838 kg/s, ts=59 s,
STDEV=0.127 kg). Each graph also shows the MATLAB prediction with standard deviation.
Each trial was performed with wind applied at 2.2 m/s and the spill was performed until a depth
of 0.051 meter was met.

Figure X: These trials were performed on November 15th, 2021. The top graph displays the first
trial spill (S=0.0664 kg/s, ts=83 s, STDEV=0.198 kg) results for total mass of liquid hydrogen
(kg) changing over time (s). The middle graph subsequently displays the second trial (S=0.0782
kg/s, ts=58 s, STDEV=0.067 kg), and the bottom graph displays the third trial (S=0.074 kg/s,
ts=60 s, STDEV=0.107 kg). Each graph also shows the MATLAB prediction with standard

deviation. Each trial was performed with wind applied at 2.2 m/s and the spill was performed
until a depth of 0.051 meter was met.

Figure X: These trials were performed on November 17th, 2021. The top graph displays the first
trial spill (S=0.0726 kg/s, ts=80 s, STDEV=0.160 kg) results for total mass of liquid hydrogen
(kg) changing over time (s). The middle graph subsequently displays the second trial (S=0.0714
kg/s, ts=57 s, STDEV=0.092 kg), and the bottom graph displays the third trial (S=0.077 kg/s,

ts=60 s, STDEV=0.201 kg). Each graph also shows the MATLAB prediction with standard
deviation. Each trial was performed with wind applied at 2.2 m/s and the spill was performed
until a depth of 0.051 meter was met.

Figure X: These trials were performed on November 22nd, 2021. The top graph displays the first
trial spill (S=0.0854 kg/s, ts=80 s, STDEV=0.170 kg) results for total mass of liquid hydrogen
(kg) changing over time (s). The bottom graph subsequently displays the second trial (S=0.0754
kg/s, ts=61 s, STDEV=0.065 kg). Each graph also shows the MATLAB prediction with standard

deviation. Each trial was performed with wind applied at 2.2 m/s and the spill was performed
until a depth of 0.051 meter was met.

APPENDIX B

Figure X: Display of concrete temperature (C ) recorded over time for three consecutive spills
performed on October 15th, 2021. The first spill’s (S=0.0619 kg/s, ts=93 s) concrete surface
temperature change can be seen in the top graph. The second spill’s (S=0.0608 kg/s, ts=80 s)
concrete surface temperature change can be seen in the middle graph. The third spill’s (S=0.0687
kg/s, ts=72 s) concrete surface temperature change can be seen in the bottom graph.

Figure X: Display of concrete temperature (C ) recorded over time for two consecutive spills
performed on November 10th, 2021. The first spill’s (S=0.0707 kg/s, ts=79 s) concrete surface

temperature change can be seen in the top graph. The second spill’s (S=0.0838 kg/s, ts=59 s)
concrete surface temperature change can be seen in the bottom graph.

Figure X: Display of concrete temperature (°C) recorded over time for three consecutive spills
performed on November 1st, 2021. The first spill’s (S=0.0741 kg/s, ts=78 s) concrete surface
temperature change can be seen in the top graph. The second spill’s (S=0.0774 kg/s, ts=60 s)
concrete surface temperature change can be seen in the middle graph. The third spill’s (S=0.0753
kg/s, ts=60 s) concrete surface temperature change can be seen in the bottom graph.

Figure X: Display of concrete temperature (C ) recorded over time for three consecutive spills
performed on November 17th, 2021. The first spill’s (S=0.0726 kg/s, ts=80 s) concrete surface
temperature change can be seen in the top graph. The second spill’s (S=0.0714 kg/s, ts=57 s)
concrete surface temperature change can be seen in the middle graph. The third spill’s (S=0.0777
kg/s, ts=60 s) concrete surface temperature change can be seen in the bottom graph.

Figure X: Display of concrete temperature (C ) recorded over time for two consecutive spills
performed on November 22nd, 2021. The first spill’s (S=0.0845 kg/s, ts=80 s) concrete surface
temperature change can be seen in the top graph. The second spill’s (S=0.0854 kg/s, ts=61 s)
concrete surface temperature change can be seen in the bottom graph.

